Acute liver failure can be the consequence of various etiologies, with most cases arising from drug-induced hepatotoxicity in Western countries. Despite advances in this field, the management of acute liver failure continues to be one of the most challenging problems in clinical medicine. The availability of adequate experimental models is of crucial importance to provide a better understanding of this condition and to allow identification of novel drug targets, testing the efficacy of new therapeutic interventions and acting as models for assessing mechanisms of toxicity. Experimental models of hepatotoxicity related to acute liver failure rely on surgical procedures, chemical exposure or viral infection. Each of these models has a number of strengths and weaknesses. This paper specifically reviews commonly used chemical in vivo and in vitro models of hepatotoxicity associated with acute liver failure.
Introduction
Drug-induced hepatotoxicity is the leading cause of acute liver failure in North American and European countries, whereby acetaminophen (APAP)/paracetamol ( Fig. 1 ) accounts for nearly 50% of all cases. In contrast, the incidence of acute liver failure due to hepatitis A and B infection declined in the last decades, reaching 10% of the cases. In addition, nearly 5% of the clinical cases have features of auto-immune hepatitis (Ichai and Samuel, 2011; Lee, 2008) . Generally, liver transplantation remains the most effective treatment of acute liver failure (Polson and Lee, 2005) , but is not widely available because of a lack of donor organs, expense and expertise (Ostapowicz et al., 2002) . It also has the disadvantage of requiring lifelong immunosuppression. Above that, the survival rate of acute liver failure has plateaued in recent years. It is obvious that major new advances in disease understanding are needed to further improve the overall outcome (Ostapowicz and Lee, 2000; Riordan and Williams, 2008) . Therefore, in vivo and in vitro models of drug toxicity and acute liver failure are critical for identifying novel drug targets and for testing new therapeutic interventions.
Despite steady progress, the knowledge of the pathophysiological basis of drug toxicity and acute liver failure is still very rudimentary. The development of appropriate models is of paramount importance for understanding the pathogenesis and progression of acute liver failure as well as the mechanisms involved in liver regeneration. Over the years, many attempts have been made to develop suitable in vivo models for these purposes, relying on surgical procedures, chemical exposure or viral infection, which have been reviewed previously (Bélanger and Butterworth, 2005; Filipponi and Mosca, 2001; Newsome et al., 2000; Terblanche and Hickman, 1991; Tuñón et al., 2009) . In this respect, Terblanche and Hickman have introduced a series of requirements for an ideal model of acute liver failure (Terblanche and Hickman, 1991) . To date, not a single model that accurately reproduces all facets of human acute liver failure has been established. However, given the obvious ethical constraints in carrying out research on patients, animal models have a fundamental role to play in future studies. In addition, in vitro systems are valuable tools to investigate the cellular events related to acute liver failure at a more mechanistic level, which is often not possible in vivo (Godoy et al., 2013) . In the present paper, focus is put on widely used chemicals in vivo and in vitro models of hepatotoxicity involved in acute liver failure with distinct mechanisms, ranging from reactive metabolite induced necrosis, tumor necrosis factor α (TNFα)-mediated inflammatory injury, apoptosis and secondary necrosis and immune mediated liver injury (Table 1) . The most widely used experimental model related to acute liver failure is the APAP-based model. This model is often selected due to the epidemiological relevance in humans. Furthermore, the pathophysiology in mice reflects very closely what is observed in humans, including reactive metabolite formation (McGill and Jaeschke, 2013) , mitochondrial damage with oxidative stress (Adamson and Harman, 1993; Cover et al., 2005; Jaeschke, 1990; Kon et al., 2004 Kon et al., , 2007 Reid et al., 2005; Saito et al., 2010a Saito et al., , 2010b , followed by DNA fragmentation (Bajt et al., 2008; Cover et al., 2005; Shen et al., 1992) and necrosis (Bajt et al., 2008; Gujral et al., 2002; Jaeschke et al., 2012a; Williams et al., 2011) . As an APAP overdose mainly causes oncotic necrosis, alternative models are needed to study apoptosis and secondary necrosis in liver injury. This can be achieved using the D-galactosamine/endotoxin (Gal/ET) or Fas ligand (FasL)-based models. The Gal/ET-based model is useful to study TNFα-mediated apoptotic signaling mechanisms Leist et al., 1995) and inflammatory-mediated liver injury Jaeschke et al., 1998) , while the FasL-based model is suitable to study apoptosis (Ogasawara et al., 1993; Schüngel et al., 2009 ) and secondary necrosis pathways in liver (Bajt et al., 2000; Ogasawara et al., 1993) . In addition, concanavalin A (ConA) has been used frequently as a model of immune-mediated liver injury (Tiegs et al., 1992; Tsutsui and To effectively use the mouse model, a few issues need to be considered (Fig. 2) . First, the mechanism of toxicity depends on the formation of a reactive metabolite, N-acetyl-pbenzoquinone imine (NAPQI), by the cytochrome P450 (CYP) enzyme system Mitchell et al., 1973a; Streeter et al., 1984) , especially CYP2E1 (Lee et al., 1996; McClain et al., 1980; . NAPQI is detoxified by GSH (Albano et al., 1985; Corcoran and Wong, 1986; Mitchell et al., 1973b; Rosen et al., 1984) , but can equally bind to cysteine sulfhydryl groups of proteins (Hoffmann et al., 1985; Jollow et al., 1973; Streeter et al., 1984) . These early mechanistic findings led to the discovery of N-acetyl-cysteine as a very effective antidote for APAP-induced liver injury when administered early. The therapeutic effect of N-acetylcysteine is based on the replenishment of the GSH, scavenging reactive oxygen in mitochondria and support of the mitochondrial energy metabolism (Corcoran et al. 1985a and 1985b; Corcoran and Wong, 1986; Saito et al., 2010b) . In line with this, binding of NAPQI to mitochondrial proteins appears to be important for the initiation of mitochondrial oxidant stress and peroxynitrite formation (Cover et al., 2005; Hinson et al., 1998; Jaeschke, 1990; Qiu et al., 2001; Tirmenstein and Nelson, 1989) . The early oxidant stress triggers activation of mitogenactivated protein kinases that ultimately cause c-jun N-terminal kinase activation (p-JNK), which then translocates to the mitochondria and further exacerbates the mitochondrial oxidant stress (Hanawa et al., 2008; Saito et al., 2010a) . The oxidant stress, together with lysosomal iron, promotes the mitochondrial permeability transition pore opening, resulting in the collapse of the membrane potential and cessation of adenosine triphosphate synthesis (Kon et al., 2004 (Kon et al., , 2007 Masubuchi et al., 2005) . Early formation of a Bax-based pore in the outer mitochondrial membrane and subsequent swelling of the matrix with rupture of the outer mitochondrial membrane leads to release of intermembrane proteins, such as endonuclease G and apoptosis-inducing factor, and their translocation to the nucleus with nuclear DNA fragmentation (Bajt et al., 2006 (Bajt et al., , 2008 Cover et al., 2005) . The massive mitochondrial dysfunction and nuclear DNA damage are the main causes of necrotic cell death (Gujral et al., 2002) . The release of cellular contents during necrosis includes a number of molecules, so-called damage-associated molecular patterns, which can activate Toll-like receptors on macrophages and induce cytokine formation (Antoine et al., 2009; Bianchi, 2007; Dragomir et al., 2011; Martin-Murphy et al., 2010) . These inflammatory mediators activate neutrophils and monocytes leading to the recruitment of these leukocytes into the liver (Scaffidi et al., 2002) . The physiological function of these recruited inflammatory cells is to remove cell debris and to prepare the tissue for repair (Holt et al., 2008; Lawson et al., 2000b) . On the other hand, neutrophils and macrophages can also potentially aggravate the injury, as well established in hepatic ischemia-reperfusion injury ) and obstructive cholestasis (Gujral et al., 2003) . However, this topic is highly controversial for APAP hepatotoxicity with the preponderance of evidence supporting a role of the inflammatory response in regeneration rather than cell injury, as previously reviewed . Importantly, evidence in humans also suggests a role for infiltrating mononuclear cells and neutrophils in the repair process and not in the injury mechanism (Antoniades et al., 2012; Williams et al., 2014) .
In addition to the accumulating knowledge about the injury mechanisms, it has been recognized that any cell under stress responds by upregulating defense mechanisms. This includes induction of antioxidant genes, such as superoxide dismutase 2, thioredoxin, heme oxygenase 1 and glutamate-cysteine ligase, through the transcription factor nuclear factor erythroid-derived 2-like 2 (Klaassen and Reisman, 2010) . Furthermore, the activation of autophagy leads to the removal of damaged mitochondria, which limits APAP-induced cell death (Ni et al., 2012) . Overall, the cell fate is decided between the extent of the pro-death mechanisms and the protective stress response. The cell dies unless the adaptive mechanisms are strong enough to counteract the cell death mechanism. This is both a question of time as well as of location within the hepatic lobules (Ni et al., 2013) . Another important defense mechanism is the entry into the cell cycle, which prepares the cell for division and tissue regeneration (Apte et al., 2009; Mehendale, 2005) .
Given the complex time-dependent mechanisms of metabolic activation, pro-cell death mechanisms, adaption, inflammatory response and regeneration, it is imperative to always evaluate multiple time points when using this model. Currently, the most common problem with the APAP model is the use of a single late time point and drawing mechanistic conclusions by measuring multiple parameters. This does not allow distinguishing cause and effect. Indeed, any parameter can normalize as a consequence of reduced liver injury without reflecting a mechanistic cause. One of the most effective ways to prevent APAP toxicity is to interfere with the initial step of metabolic activation. Many solvents, such as dimethyl sulfoxide or ethanol, used to dissolve agents with limited water solubility effectively, compete with APAP for CYP metabolism even at very low doses (Jaeschke et al., 2006; Park et al., 1988; Yoon et al., 2006) . Extracts from plants and other sources contain numerous chemicals that can act as CYP inhibitors (Jiang et al., 2015 ), but are rarely tested for this effect. As a result, most of the mechanistic conclusions are questionable. Thus, if pharmacological interventions or genetically modified animals or cells are being used, it is necessary to assess metabolic activation of APAP by either measuring protein adducts directly or by assessing GSH depletion during the first 30 min after APAP treatment . In addition, intracellular mechanisms of cell death in hepatocytes should be assessed in the time frame of 2 and 12 h, while inflammation develops between 6 and 24 h and regeneration occurs during the period of 24 and 72 h .
Next to the animal model, cultures of hepatocytes are valuable tools to investigate the cellular events related to APAP hepatotoxicity at a more mechanistic level, which is often not possible in vivo. In view of avoiding interspecies difference issues, human-based in vitro models are preferred (Jemnitz et al., 2008; McGill et al., 2011; Schulze et al., 2012; Smith, 1991; Xie et al., 2014) . In this light, primary human hepatocytes provide a good reflection of the in vivo situation. Mechanisms of APAP-induced cell death in primary human hepatocytes and in livers of APAP-overdosed patients are very similar, which is not always the case for animal-based systems (McGill et al., 2012b; Xie et al., 2014) . However, relatively high concentrations of APAP are needed to trigger toxicity in this in vitro setting compared to concentrations found in serum of patients with acute liver failure (Jemnitz et al., 2008; Routledge et al., 1998) . Furthermore, the use of primary human hepatocytes is limited by scarcity and difficulty in obtaining human material of sufficient quality. The latter highly depends on lifestyle and health status of donors, which is often compromised, as these cells are typically obtained from liver biopsies of patients suffering from liver disease or from postmortem donated livers unsuitable for transplantation. In addition, interindividual variability in toxicity due to genetic, environmental and age differences of the donors is manifested in freshly isolated human hepatocytes (Donato et al., 2008; LeCluyse and Alexandre, 2010; LeCluyse et al., 2005) . To overcome the availability, quality and interindividual variability issues of human cells, numerous studies have been conducted using APAP-exposed primary rodent hepatocytes, with the best results obtained with those originating from mice (Adamson and Harman, 1993; Bajt et al., 2004; Burcham and Harman, 1991; Burke et al., 2010; Kon et al., 2004 Kon et al., , 2007 Ni et al., 2012; Reid et al., 2005; Shen et al., 1992) . Although the in vivo rat model has limited relevance for humans compared to mice, similar concentration-dependent GSH depletion, oxidant stress and cytotoxicity are observed in their corresponding hepatocyte cultures (Ellouk-Achard et al., 1995; McGill et al., 2012b; Rousar et al., 2009; Yang and Salminen, 2011) . Likewise, cultured mouse and human hepatocytes show comparable GSH depletion, mitochondrial protein adduct formation, p-JNK activation and necrosis, albeit occurring at earlier time points and with overall lower protein binding in the rodent in vitro setting. In line with this finding, N-acetylcysteine treatment of mouse hepatocytes, unlike their human counterparts, is not effective beyond 2 h after APAP exposure, again highlighting the more accelerated pathophysiology in the murine system (McGill et al., 2012b Xie et al., 2014) .
Popular and more users-friendly substitutes for primary human hepatocytes include liver cell lines isolated from human hepatomas, such as HepG2, Hep3B, Huh7, Fa2N4 and HepaRG cells. Cell lines provide an unlimited supply of identical cells with infinite growth capacity, which favors experimental robustness and reproducibility. However, cell lines may present genetic instability and, originating from liver cancer tissue, are not always representative of the physiological in vivo situation (Castell et al., 2006; Donato et al., 2008 Donato et al., , 2013 Godoy et al., 2013) . In addition, most hepatic cell lines show only low or partial expression of biotransformation enzymes, including CYP enzymes, compared to freshly isolated primary hepatocytes or intact liver (Castell et al., 2006; Harris et al., 2004; Rodríguez-Antona et al., 2002; Wilkening et al., 2003) . A notable exception lies with HepaRG cells, which functionally express the most important drug transporting and metabolizing enzymes at an acceptable and stable level similar to primary human hepatocytes (Aninat et al., 2006; Guillouzo et al., 2007; Andersson, 2008a, 2008b) . HepaRG cells have proven their power in the in vitro investigation of APAP-induced liver toxicity on several occasions. Indeed, the mechanisms involved in this toxicological process in HepaRG cells resemble those in rodent hepatocytes and include protein adduct formation, mitochondrial oxidative stress, peroxynitrite formation and loss of the mitochondrial membrane potential, ultimately resulting in necrosis Tobwala et al., 2014) . In addition, the time course of cell death in APAP-treated HepaRG cells is very similar to what is observed in clinical patients. This underscores the reliability and usefulness of the HepaRG cell line as an in vitro model to study the mechanisms of APAP-related hepatotoxicity, which is much less the case for other human hepatoma cell lines. Nevertheless, APAP also induces toxicity in other liver cancer cell lines, such as HepG2, Hep3B and Huh7 cells, yet at higher concentrations and mainly driven by apoptosis (Boulares et al., 2002; Kass et al., 2003; Lin et al., 2012; Manov et al., 2004) . In contrast to primary hepatocytes, there is little protein adduct formation, GSH depletion or mitochondrial dysfunction (Dai and Cederbaum, 1995; McGill et al., 2011) . This suggests that the mechanism of APAP-related liver toxicity in these hepatoma cell lines is independent of reactive metabolite formation, which is not suitable for the human disease process and may not be therapeutically relevant.
D-galactosamine/endotoxin-based model
Rodents are relatively resistant to even high doses of ET, which may cause death due to hypotensive shock, but no liver injury. However, co-administration of at least 300 mg/kg Gal (Fig. 3) dramatically sensitizes rodents to ET, resulting in extensive liver injury and death (Galanos et al., 1979) . The pathophysiology starts with the binding of ET to Toll-like receptor 4 on Kupffer cells, which triggers the transcriptional activation of cytokine genes, in particular TNFα, within 30 to 90 min (Fig. 4) (Schlayer et al., 1988; Tiegs et al., 1989) . TNFα is a potent activator of neutrophils (Bajt et al., 2001a) and is mainly responsible for neutrophil recruitment into liver sinusoids after ET treatment (Schlayer et al., 1988) . TNFα is also the main inducer of various adhesion molecules, such as the intercellular adhesion molecule 1 on endothelial cells and hepatocytes (Essani et al., 1995) , the vascular adhesion molecule 1 on endothelial cells , selectins on endothelial cells (Essani et al., 1998; Lawson et al., 2000a) and chemokines in hepatocytes (Dorman et al., 2005) in the Gal/ET model. Some of these adhesion molecules are critical for neutrophil extravasation and cytotoxicity (Fig. 4) (Jaeschke, 2006) . Mechanisms of neutrophil involvement in hepatocyte cytotoxicity have been studied in co-cultures of primary hepatocytes and activated neutrophils (Ganey et al., 1994; Harbrecht et al., 1993; Mavier et al., 1988) .
However, the conditions used do not always accurately reflect the in vivo situation. The investigators have used activated human neutrophils next to control rat hepatocytes (Harbrecht et al., 1993; Mavier et al., 1988) . Thus, human neutrophils may not recognize chemokines released from rat or mouse hepatocytes. In addition, contact between neutrophils and target cells seems not to be required for cell injury in vitro compared to the in vivo situation, as conditioned medium of activated neutrophils is as effective in killing hepatocytes as the neutrophils themselves (Ho et al., 1996) .
Cell death in the Gal/ET model is also caused by TNFα-induced apoptosis involving the TNF receptor 1 (Leist et al., 1995) and caspase activation (Fig. 4) Künstle et al., 1997) . The default signaling of the TNF receptor is activation of nuclear factor kappa beta resulting in the induction of pro-inflammatory and anti-apoptotic genes (Liedtke and Trautwein, 2012) . However, administration of a high dose of Gal depletes the cellular uridine triphosphate pool and inhibits mRNA synthesis in hepatocytes for several hours (Decker and Keppler, 1974) . This prevents the synthesis of anti-apoptotic genes in hepatocytes and allows apoptotic signaling with activation of the caspase cascade and DNA fragmentation to proceed (Fig. 4) . Caspase activation and DNA damage is detectable as early as 5 h after Gal/ET treatment. Due to the mitochondrial amplification of the proapoptotic signaling, inhibition of any caspases with the respective suicide substrate is highly effective in preventing apoptotic cell death (Bajt et al., 2001b; Jaeschke et al., 1998; Künstle et al., 1997) . Because of the fact that Gal is metabolized only in hepatocytes (Decker and Keppler, 1974) , Gal/ET induces apoptotic cell death exclusively in parenchymal cells . Therefore, Gal-induced apoptosis in vitro has been studied in monocultures of primary rodent hepatocytes and human hepatoma cells (Bao and Liu, 2010; Kucera et al., 2006a Kucera et al., , 2006b ). However, as Kupffer cell activation and production of TNFα are critical events in Gal/ET-induced hepatotoxicity (Stachlewitz et al., 1999) , co-cultures of hepatocytes and Kupffer cells seem more appropriate to study Gal/ET hepatotoxicity in vitro (Abou-Elella et al., 2002; Ma et al., 2009 ).
Although apoptotic cell death and inflammation were recognized as features of the Gal/ET model, the interaction between these mechanisms remains uncertain. However, when assessing neutrophil recruitment in this in vivo model, it is clear that neutrophils are only cytotoxic when they extravasate from the sinusoids and migrate into the parenchyma (Chosay et al., 1997) . Interestingly, this transmigration and cytotoxicity can be completely prevented when apoptotic cell death is inhibited Lawson et al., 1998) , suggesting that, contrary to the central dogma that apoptosis does not cause inflammation, apoptotic cell death is indeed the trigger for neutrophil extravasation. This was further confirmed by studies indicating that neutrophils accelerate the injury process by killing cells in the early stages of apoptosis rather than healthy cells. The neutrophil-mediated cell death is mainly dependent on reactive oxygen formation by neutrophils through the enzyme nicotinamide adenine dinucleotide phosphate oxidase , which generates intracellular oxidant stress in the target cells (Jaeschke et al., 1999) . Interestingly, hepatocytes also generate extensive amounts of CXC chemokines, but these neutrophil chemo-attractants are not responsible for the neutrophil extravasation and toxicity in this model (Dorman et al., 2005) .
The Gal/ET model is thus useful to study TNFα-mediated apoptotic signaling mechanisms in hepatocytes and inflammatory liver injury in vivo, including cytokine and chemokine formation, adhesion molecule expression and mechanisms of neutrophil-mediated cell death. Fundamental new insight into mechanisms of liver injury was obtained with this model. In addition, it is a popular model to test potential hepatoprotective chemicals and natural products. However, for the accurate interpretation of any data obtained with this model, it is important to keep the time line of events in mind. To assess the effect of therapeutic interventions in this model, it is important to evaluate the effect of the drug or chemical on TNFα formation at 60 to 90 min after Gal/ET treatment, to assess early neutrophil accumulation at 4 h, apoptosis at 5 to 6 h and neutrophil-induced aggravation of the apoptotic injury at 6 to 8 h. These times may vary slightly in different strains of mice. Despite the reproducibility of the injury mechanisms in this model, the model does not mimic a specific human pathophysiology, but needs to be considered a model for TNFα-mediated apoptosis and inflammatory neutrophil-mediated liver injury. In vivo, death is caused mainly by hypovolemic shock due to severe hemorrhage after development of gaps in sinusoidal endothelial cells (Ito et al., 2006) and not acute liver failure.
Fas ligand-based model
The Fas receptor is a member of the TNF receptor family with a death domain that is able to assemble a death-inducing signaling complex to induce caspase activation and apoptosis (Fig. 5) (Itoh et al., 1991; Strasser et al., 2009; Suda et al., 1993; Trauth et al., 1989; Yonehara et al., 1989) . Thus, all cells that express the Fas receptor can undergo apoptosis upon binding of the (FasL) or any other receptor agonist. One of the most widely used experimental models of hepatocellular apoptosis in vivo includes administration of 0.5 to 0.6 mg/kg of the agonistic Fas receptor antibody Jo2 to mice (Lacronique et al., 1996; Lawson et al., 1998; Ogasawara et al., 1993; Schüngel et al., 2009 ). In addition, the hexameric form of soluble FasL, called MegaFasL, can trigger massive apoptosis and liver failure in mice at a concentration of 0.05 mg/kg (Greaney et al., 2006; Holler et al., 2003; Schüngel et al., 2009 ). The underlying mechanism involves activation of caspase 8, Bid cleavage and translocation of the truncated Bid to mitochondria, cytochrome c release with activation of the apoptosome, caspase 9 and caspase 3 activation (Fig. 5) (Bajt et al., 2000; Li et al., 1998; Stennicke et al., 1998; Yin et al., 1999; Zou et al., 1999) . Although Bid deficiency can inhibit Fas-induced apoptosis in liver (Yin et al., 1999) , inhibitors of both caspase 8 and caspase 3 are equally effective (Bajt et al., 2000 (Bajt et al., , 2001b . The fact that inhibition of the downstream effector caspase 3 also attenuates the activation and processing of the initiator caspase 8 suggests that the activation of the caspase cascade is not a linear process. Indeed, this also includes mitochondrial amplification loops, where caspase 3 not just cleaves downstream substrates, but may also further promote the processing and activation of caspase 8 (Bajt et al., 2000) .
The agonistic Fas antibody Jo2 can dose-dependently induce apoptosis in both hepatocytes and in sinusoidal endothelial cells (Bajt et al., 2000) . Thus, during the initial period of less than 1 h, the process is selective apoptosis with the characteristic morphological modifications, such as cell shrinkage, chromatin condensation and apoptotic bodies formation, and biochemical changes, including caspase processing and increased enzyme activities and nuclear DNA fragmentation, in the absence of release of liver enzymes, in particular alanine aminotransferase (ALT). However, the massive apoptosis deteriorates quickly into secondary necrosis with extensive ALT release, hemorrhage and eventually death of the animal (Bajt et al., 2000; Ogasawara et al., 1993) . The important distinction between a primary necrotic mechanism, such as APAP hepatotoxicity, and secondary necrosis, is that there is still massive caspase activation and a caspase inhibitor will effectively eliminate both apoptotic cell death and secondary necrosis, as previously reviewed . As has been pointed out with other models of liver injury, the agonistic Fas antibody can induce extensive liver injury and eventually death of the animal. However, the cause of death is not acute liver failure as in patients, but the extensive hemorrhage due to endothelial cell apoptosis and the resulting hypovolemic shock.
There are generally 2 types of cells with respect to receptor-mediated apoptotic signaling (Fig. 5) (Scaffidi et al., 1998) . In type I cells, the activation of initiator caspase 8 and caspase 10 is sufficient to directly activate effector caspase 3 and caspase 6, and cause apoptotic cell death. T-cells are prototypical type I cells (Scaffidi et al., 1999) . In contrast, in type II cells, the initial signal by the receptor is insufficient to trigger enough effector caspase activation that results in cell death. Thus, caspase 8 activation triggers Bid cleavage and truncated Bid trans-location to the mitochondria to cause together with the other B-cell lymphoma 2 family members Bax and Bad the mitochondrial outer membrane permeabilization (Green and Kroemer, 2004; Strasser et al., 2009; Youle and Strasser, 2008) . This results in cytochrome c release from mitochondria and apoptosome formation with caspase 9 activation, which drastically enhances caspase 3 activation. This signaling loop through the mitochondria generates enough of the activation of effector caspases to initiate cell death. Based on both TNFα receptor-mediated and agonistic Fas antibodymediated apoptosis, it is generally believed that hepatocytes are type II cells. However, this hypothesis has been challenged, as apoptosis induced by the MegaFasL in vivo showed that hepatocytes can also behave as type I cells if the strength of the activating signal at the receptor is high enough to cause sufficient initiator caspase activation to fully activate the caspase cascade (Schüngel et al., 2009 ). In addition, primary cultured mouse hepatocytes were found to switch to a type I cell behavior depending on extracellular matrix adhesion. This effect seems to be specific for Fas receptor-mediated apoptosis (Walter et al., 2008) . Nevertheless, under pathophysiological relevant conditions in vivo, hepatocytes appear to preferentially behave as type II cells.
In vitro cultures of hepatocytes are often exposed to FasL or Jo2 to induce the full course of apoptosis. As apoptotic cells are rapidly engulfed by neighboring phagocytes, they are barely detectable in vivo. During in vitro experimentation, however, the late apoptotic phase is typically followed by secondary necrosis Raffray and Cohen, 1997) . Immortalized cell lines are frequently used as experimental tools in in vitro apoptosis research. It should be kept in mind that these cells are often derived from tumors and have typically acquired high resistance against apoptosis (Lei et al., 2007; McGill et al., 2011; Schulze-Bergkamen et al., 2003) . Primary hepatocytes may offer a better alternative, as they display in vivo-like sensitivity to apoptosis, at least during short-term cultivation regimes (Schulze-Bergkamen et al., 2003) . Among the numerous experimental strategies that have been followed to provoke apoptotic cell death in primary hepatocyte cultures, the use of Fas triggers is a most reasonable approach, as it directly activates the physiological pathway (Vinken et al., 2009) . Monoclonal agonistic antibodies directed against the Fas receptor are frequently used in primary hepatocyte cultures. However, unlike FasL, binding of the antibody to the Fas receptor does not result in the onset of pro-apoptotic signaling per se (Fadeel et al., 1997; Legembre et al., 2003; Thilenius et al., 1997) . In addition, Fas-mediated apoptosis induced by agonistic antibodies becomes typically manifested to a lesser extent compared to the in vivo situation (Nagata, 1999; Ni et al., 1994) . For this reason, Fas antibodies are often combined with inhibitors of protein production or gene expression, such as cycloheximide and actinomycin D, respectively (Nagata, 1999; Ni et al., 1994; Rouquet et al., 1996) . A more rationalized strategy that resembles the natural Fas pathway is the use of FasL as such (Fu et al., 2004; Reinehr et al., 2002; Vinken et al., 2009) . FasL can also be presented to hepatocytes by cultivation partners. In this regard, a co-culture system consisting of primary mouse hepatocytes and 3T3 fibroblasts stably transfected with FasL was found to be an effective in vitro model to study hepatocellular cell death, since the entire hepatocyte population undergoes apoptosis 24 h after its establishment (Schlosser et al., 2000) .
Activation of the Fas receptor with Jo2 or FasL thus is an effective model of receptormediated apoptosis and secondary necrosis that is useful to study apoptotic signaling mechanisms and interventions that potentially effect apoptotic cell death in vivo and in vitro. Interestingly, Jo2 can also trigger CXC chemokine formation and inflammation independent of nuclear factor kappa beta activation, but dependent on caspases and the transcription factor activator protein 1 (Faouzi et al., 2001) . Although the originally used high doses of Jo2 in vivo can cause apoptosis within 45 to 90 min followed by secondary necrosis, and hemorrhage and death within 3 to 4 h, lower doses can substantially delay the injury process and reduce mortality. The advantage of this model, as compared to the Gal/ET system, is that Jo2 or FasL directly activate the Fas receptor, with no need for generation of different mediators, and that the default response of Fas receptor activation is apoptotic cell signaling, with no need for the use of transcriptional inhibitors.
Concanavalin A-based model
First recognized by Tiegs and colleagues, ConA triggers massive liver injury in mice (Tiegs et al., 1992) . The preferred study design is the use of 20 mg/kg ConA, where the injury process is followed up to 8 to 10 h. ConA is a bean-derived lectin, which induces T-cellmediated liver damage dependent mainly on CD4 + T-cells, but not their CD8 + counterparts (Tiegs et al., 1992) . The initiating event of the pathophysiology is the early binding of ConA to sinusoidal endothelial cells. This recruits CD4 + T-lymphocytes, which cause damage to endothelial cells (Knolle et al., 1996) . The damage to sinusoidal endothelial cells facilitates binding of ConA to Kupffer cells, in turn causing extensive TNFα formation (Schümann et al., 2000) . The liver infiltrating CD4 + T-lymphocytes are the main source of interferon γ (IFNγ), but also contribute to the formation of TNFα and other cytokines (Cao et al., 1998) . Both TNFα and IFNγ are critical mediators of ConA-induced cytotoxicity (Küsters et al., 1996) . Interestingly, despite the involvement of T-lymphocytes and TNFα in the mechanism of liver injury, the mode of cell death in this model appears to be not apoptosis, but rather necrosis. ConA does not activate caspases and pancaspase inhibitors do not protect (Künstle et al., 1999; Ni et al., 2008) . Massive release of ALT and morphological characteristics support necrosis as the main mechanism of cell death. Recently, the involvement of receptor-interacting protein kinases 1 and 3 in ConA-mediated liver injury has been suggested, which would indicate a programmed necrosis process. However, conflicting data regarding the effect of the receptor-interacting protein kinase 1 inhibitor necrostatin were reported (Deutsch et al., 2015; Zhou et al., 2013) . It was shown that TNFα and IFNγ can synergistically activate a number of adhesion molecules on sinusoidal endothelial cells and Kupffer cells as well as chemokines in hepatocytes (Jaruga et al., 2004) . This may explain the infiltration of additional leukocytes, such as neutrophils, into the liver (Jaruga et al., 2004) . Neutrophils have been suggested to contribute to ConA-induced liver injury by direct cytotoxicity and indirectly also by promoting T-cell recruitment (Bonder et al., 2004) . Neutrophil cytotoxicity in the liver is dependent on hypochlorous acid and is caused by necrosis (Jaeschke, 2006 ).
The ConA model of T-cell-mediated liver injury thus is considered a relevant model of autoimmune hepatitis, viral hepatitis and related acute liver failure (Tsutsui and Nishiguchi, 2014; Wang et al., 2012) . However, the pathophysiology and, in particular, the immunology of this model are complex and only partially understood even in mice (Hammerich et al., 2011) . The relevance of many aspects of the mechanisms of ConA-induced liver injury in mice for human diseases remains unclear. In particular, the ConA model is a very acute model of liver injury that can, due to severe hemorrhage, lead to high mortality. However, as with the other models, may mimic aspects of the injury mechanism, but do not really reflect acute liver failure in humans. Even for the injury mechanisms, the well-known differences between murine and human immunology need to be considered when interpreting findings with this model. In addition, differences in mouse strains used, dose and time of administration of immunological reagents, and minor sequence differences all can have a major impact on the patho-physiology resulting in different and even opposite results (Abe et al., 2005; Heymann et al., 2015; Jiang et al., 2009; Zhang et al., 2010) . Therefore, careful study design and cautious interpretation of experimental findings are critical to improve the insight into the pathophysiology.
Conclusions and perspectives
Hepatotoxicity can be experimentally induced by several chemicals in vivo as well as in vitro, all of which will trigger specific aspects of acute liver failure in human patients (Table  1 ). The assumption is that mechanistic findings using these experimental models can be translated to the human pathophysiology of liver diseases and will eventually result in new therapies. However, whereas some models mimic closely the entire process observed in patients, such as the murine model of APAP hepatotoxicity, other models only simulate some events of the human disease. Although significant progress has been made in the last few years, there is clearly a need to further improve insight into the molecular mechanisms of liver injury and cell death in all experimental models. Importantly, it is also necessary to scrutinize the mechanisms of the human disease in order to understand how much of the data in the animal model can be extrapolated to the human pathophysiology. Although it appears that the murine APAP model of acute liver injury and repair is very close to what is observed in patients , there are still large gaps in knowledge regarding the animal model, in understanding the human disease and in the translation of the model to the human disease. A way to avoid interspecies difference issues is the use of human-based in vitro systems, of which cultures of primary human hepatocytes are considered as the gold standard. However, a flaw of the commonly used monocultures of these cells is the progressive loss of their functional status, including deterioration of metabolic competence. This dedifferentiation process can be counteracted, at least in part, by a number of strategies that aim at mimicking the natural hepatocyte micro-environment in vitro, such as by seeding between 2 layers of extracellular matrix components (Dunn et al., 1991; Hughes et al., 2010; Rowe et al., 2010; Tuschl et al., 2009; Zeisberg et al., 2006) or by co-cultivation with nonparenchymal liver cells (Bale et al., 2014; Bhatia et al., 1999; Goulet et al., 1988; Kasuya et al., 2011; Morin and Normand, 1986; Sunman et al., 2004; Tukov et al., 2006) . As a matter of fact, hepatic nonparenchymal cells play an important role in the pathogenesis of acute liver failure, in particular by secreting cytokines (DeLeve et al., 1997; Jaeschke et al., 2012b; Liu et al., 2004; Liu and Kaplowitz, 2006; Ochi et al., 2004) . This should be appropriately reproduced in vitro either by co-culturing hepatocytes with nonparenchymal liver cells or by direct exposure of hepatocytes to pro-inflammatory cytokines. Alternatively, precision-cut liver slices are appropriate systems to study hepatotoxicity in vitro, as they retain normal tissue architecture and the complete set of complex cellular interactions that occur in vivo (Hadi et al., 2013; Neyrinck et al., 1999) . However, this in vitro model is only fully metabolically competent during 6 to 24 h. In conclusion, the chemical-induced in vitro and in vivo experimental models of hepatotoxicity related to acute liver failure discussed in this paper all have a number of strengths and weaknesses. Alternatively, other chemicals can be used to induce acute liver injury, including thioacetamide (Chieli and Malvaldi, 1984; Hajovsky et al., 2012; Peeling et al., 1993; Staňková et al., 2010) , α-amanitin/ET (Takada et al., 2001 (Takada et al., , 2003 , azoxymethane (Bélanger et al., 2006; Matkowskyj et al., 1999) and carbon tetrachloride (Pilichos et al., 2004; Taniguchi et al., 2004; van Leenhoff et al., 1974) . The advantages and disadvantages of these models have been reviewed previously (Bélanger and Butterworth, 2005; Tuñón et al., 2009) . Overall, further improvement in understanding the individual models as well as the human liver disease as such should be prioritized in the upcoming years. Until significant progress has been made, translating any data obtained with these in vivo and in vitro models to human beings need to be done with extreme caution. Mechanism of acetaminophen-induced hepatotoxicity. High dose of acetaminophen (APAP) results in the formation of the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI) by cytochrome P450 (CYP) enzymes in hepatocytes. NAPQI depletes the glutathione (GSH) pool and binds to cysteine sulfhydryl groups of proteins thereby forming APAP-protein adducts. This initiates mitochondrial oxidant stress and peroxynitrite formation. The early oxidant stress triggers activation of mitogen-activated protein kinases (MAPK) that ultimately cause c-jun N-terminal kinase activation (p-JNK), which then translocates to mitochondria to further exacerbate the mitochondrial oxidant stress. The oxidant stress promotes the mitochondrial permeability transition (MPT) pore opening, resulting in the collapse of the membrane potential and cessation of adenosine triphosphate (ATP) synthesis. Early formation of a Bax-based pore in the outer mitochondrial membrane and subsequent 
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Europe PMC Funders Author Manuscripts swelling of the matrix with rupture of the outer mitochondrial membrane leads to release of intermembrane proteins, such as endonuclease G and apoptosis-inducing factor (AIF), and their translocation to the nucleus with nuclear DNA fragmentation. The massive mitochondrial dysfunction and nuclear DNA damage are the main causes of necrotic cell death.
Fig. 4.
Pathophysiology of D-galactosamine/endotoxin-based liver injury. Endotoxin (ET) binds to Toll-like receptor 4 (TLR-4) on Kupffer cells, which triggers transcriptional activation of tumor necrosis factor α (TNFα). This results in activation of neutrophils, whereby TNFα is mainly responsible for neutrophil recruitment into the liver sinusoids. Furthermore, TNFα induces various adhesion molecules, such as the intercellular adhesion molecule 1 (ICAM-1), the vascular adhesion molecule 1 (VCAM-1) and selectin chemokines in hepatocytes and endothelial cells. Some of these adhesion molecules are critical for neutrophil extravasation. High dose of D-galactosamine (Gal) depletes the cellular uridine triphosphate and inhibits mRNA synthesis, such as of anti-apoptotic genes, in hepatocytes. This results in activation of the caspase cascade and DNA fragmentation. Caspase activation is also caused by TNFα-induced apoptosis involving the TNF receptor 1 (TNF-R1) and caspase activation. Bad, tBid causes the mitochondrial outer membrane permeabilization with release of cytochrome c. The latter, together with pro-casp 9 and apoptotic protease activating factor 1 (apaf 1), form the apoptosome, which activates casp 9. This leads to drastically enhanced casp 3 activation, followed by induction of apoptosis.
